Changes in fluidization behaviour of green peas particulates with change in moisture content during drying were investigated using a fluidized bed dryer. All drying experiments were conducted at 50 + 2 0C and 13 + 2 % RH using a heat pump dehumidifier system. Fluidization experiments were undertaken for the bedheights of 100, 80, 60 and 40 mm and at 10 moisture content levels.
INTRODUCTION
When an air stream is passed through a permeable support (distributor) on which rests the free flowing material, the bed starts to expand when a certain velocity is reached. The superficial velocity of the air at the onset of fluidization is the minimum fluidization velocity. With a further increase in air velocity, bed reaches a stage where the pressure-drop across fluid the bed drops rapidly and product is carried away by the air (Kunii and Levenspiel, 1977) . The velocity at this stage is known as terminal velocity and an important parameter in fluidization operations. The operational velocity must remain between these two velocities.
The use of fluidization is one of the technologies commonly used in drying agro-food materials and other materials. It is commonly used in freezing systems. Fluid bed drying has been recognised as a gentle, uniform drying method, capable of drying down to a very low residual moisture content with a high degree of efficiency (Borgolte et al., 1981) . This process is characterised by high moisture and heat transfer rates and excellent thermal control capacity compared with conventional drying processes (Vanecek et al. 1966; Hovmand, 1987) . It is also a very convenient method for drying heat sensitive food materials as it prevents them from overheating due to mixing (Gibert et al., 1980; Giner and Calvelo, 1987) . Fluidized bed drying can be carried out as a batch or continuous process (Shilton and Niranjan, 1993) .
The air flow and its distribution is a primary factor which contributes to efficient fluidization (Parikh, 1991) . The air velocity across the bed should be even to achieve even fluidization at every point across the bed. Proper design of a good air distributor provides this requirement. It is one of the important components in the drying system, which dominates fluidization characteristics, sanitary requirements, and removal characteristics of the material (Masters, 1992; Graham, 1992) . Mass transfer and heat transfer is determined also by the bubble characteristics of the fluidizing medium, which is directly related to the design of the distributor (Geldart et al., 1968; Hengl, 1977) .
It is generally accepted that the dimensions of the bed and the type of the distributor have significant influence on the behaviour of fluidized bed equipment. Breakdown situations resulted from an inadequate grid design and the grid allows a local break-through of gas through a portion of the distributor, some solids can form fixed defluidized bed all over the rest of the grid surface area (Lehmann et al., 1974) . To avoid this situation, the pressure drop across the grid must be large enough to provide a minimum fluidization velocity of gas through a heap of solids despite bypass of gas through the naked part of the grid. Then the solids will spread across the grid.
The Ergun equation (Ergun, 1952) is the widely accepted model to determine minimum fluidization velocity of a fluid to fluidize the particle (Kunii and Levenspiel, 1977; Zenz and Harbor, 1971; Michelis and Calvelo, 1994) :
where ε mf -bed porosity at minimum fluidization velocity, ρ s -particle density (kg/m 3 ), ρ f -fluid density (kg/m 3 ), µ -viscosity (N s/m 2 ), u mf -minimum fluidization velocity (m/s), d p -particle equivalent diameter (m), φ -sphericity The Ergun equation was used to calculate minimum fluidization velocity of baker's yeast (Egerer et al., 1985) , peas (Rios et al., 1984) and diced potato and potato strips (Vazquez and Calvelo, 1980; Vazquez and Calvelo, 1983 ). An equation similar to Ergun was valid for peas (Michelis and Calvelo, 1994) .
The values for velocity obtained by the Ergun equation are mostly reliable for spherical and relatively small particles. Most agro-food particulates however comprise of various shapes and sizes, and consist of larger particles. Therefore, the minimum fluidization values obtained from Ergun equation does not conform to the experimental values McKay, 1980, 1981; McKay et al., 1987) The Ergun equation consists of viscous and kinetic energy terms (1st and 2nd LHS part of the equation 1). In the case of larger particles at higher Reynolds numbers (Re > 1000) the fluidization behaviour was mainly governed by the kinetic energy term in the Ergun equation. Hence the Ergun equation can be simplified to (Kunii and Levenspiel, 1977) :
where, ε mf -bed porosity at minimum fluidization velocity, ρ s -particle density (kg/m 3 ), ρ f -fluid density (kg/m 3 ), u mf -minimum fluidization velocity (m/s), d p -particle equivalent diameter (m), φ -sphericity, g -acceleration due to gravity (m/s 2 )
For wide variety of systems it was found that value 1 14 Wen and Yu, 1966 ) and a generalized equation can be applied to predict u mf for larger particles when Re > 1000.
where, ρ s -particle density (kg/m 3 ), ρ f -fluid density (kg/m 3 ), u mf -minimum fluidization velocity (m/s), d p -particle equivalent diameter (m), Re -Reynolds number
There is a continuous change in physical properties of the particulates during drying, which also changes the fluidization behaviour of the particles. It is important to understand these changes, so that the airflow during drying can be controlled to achieve an optimum fluidization.
The objective of this paper is an attempt to model the fluidization behaviour (minimum fluidization velocity) of spherical food particulate using green peas as the food material during fluidized bed drying.
MATERIAL AND METHODS

Material Preparation
Fresh green peas Pisum sativum of the variety Bounty was purchased from the same supplier in 10 kg boxes in their pods. They were shelled by hand and graded using a wire mesh. Those with average diameter 10+1 mm were selected and stored in a cold room for 24 hours at 4 o C before the experimentation to equilibriate the moisture content. Twenty five kilograms, of sample was used for one experiment.
Experimental design for fluidization experimentation
Fluidization behaviour of peas during drying was investigated using a heat pump dryer system to dry the materials and fluidizing column to study the fluidization behaviour. Three replicate batches were prepared.
Experimental method for fluidization experiments
First, fluidization characteristics of the undried samples were measured in the fluidizing column with the prepared samples. After that samples were dried on a fixed bed in a heat pump dehumidifier system and samples were withdrawn at nine pre-determined time intervals during drying and used for measurement of fluidization characteristics at different moisture contents. Fluidization characteristics measured were minimum fluidization velocity at four bed heights of 100, 80, 60, and 40 mm in a fluidized bed column.
Drying in a fixed bed
Samples for studying fluidization behaviour were dried in aheat pump dehumidifier system (Baleden Pty Ltd, Brisbane, Australia) in food science and Technology, School of land and Food Sciences, University of Queensland, Gatton, Australia. The drying was undertaken at an air temperature of 50 + 2 o C (which is acommon drying temperature) and relative humidity of 13 + 2 %. Before materials were loaded in the dryer, the dryer was run for 2 hours to achieve steady state conditions. Materials were placed into the drying system on mesh trays as thin layers, and stacked vertically to achieve maximum exposure to the air-flow. The air-flow is controlled by adjusting fan speed. The air velocity during all drying experiments was kept at a constant value of 3 m/s. The air velocity was measured using a vane type anemometer (LCA 6000 VA, Air flow Developments, USA). Samples were removed at nine pre-determined time intervals. They were placed into a sealed container and immediately used for fluidizing experiments. For moisture determination, samples were stored immediately in a pre-dried sample bottle.
Determination of minimum fluidization velocity
All fluidization trials were conducted in a batch type flexi-glass fluidizing column of 185 mm inside diameter and length 1 m (Figure 1 ). The hot air was taken from a heat pump dehumidifier system (Intertherm P/L, Brisbane, Australia) coupled to the fluidizing column by flexible ducts. The dry bulb and wet bulb temperature of the hot air used for fluidization was adjusted by means of adjustable digital temperature controllers (Honeywell, England) in the heat pump. The temperature used was slightly higher than the ambient (30+2 o C). Hot air entered the material bed through a perforated plate with circular holes of 1 mm diameter (18 holes/cm 2 ). Wall effects, slugging and channeling behaviour can be of concern in small-scale experiments. They have been given sufficient consideration during planning of experimentation. In this study initial ratio of bed diameter to effective particle diameter was 18. Kunii and Levenspiel (1977) mentioned that if this ratio is greater than 16 there is no effect from the walls. Therefore, wall effect was considered insignificant in the working range. Even air distribution to further reduce edge effects was achieved by placing another perforated plate (with 10 mm diameter holes with a diametral pitch of 40 mm in concentrically arranged holes), 10 mm vertically below the perforated plate. Airflow entering the fluidization column was varied by means of varying the incoming airflow to the fan (Size 450 Gamut blower, Air Equipment Pty Ltd, Australia) with the manual valves in the system. Differential pressure of incoming air was read from a digital manometer (EMA 84 range 0-10kPa, Germany) connected to a flow sensor of the pitot tube (Dwyer DS-300, Dwyer Instruments Inc., USA) through transparent vinyl tubes. Flow rates entering the fluidizing column were calculated and average air velocity of air passing through the material was determined. Resolution of air velocity measurement was 0.05m/s. Pressure drop across the bed was measured by a U-tube manometer (Dwyer Instruments Inc., USA) connected to the fluidizing column below the air distributor plate, and above the bed of samples. Bed height was measured from a scale attached to the column. The change of bed pressure drop was measured while increasing the velocity through the bed for each height. In order to determine the optimum bed height for improved fluidization bed heights of 100, 80, 60 and 40 mm were used. Measurements of pressure drop for each bed height took less than 3 min. Some measurements were carried out to see if there is a significant reduction of moisture during fluidization experiments. It was found that the change of moisture during fluidization experiment was less than 1 % wb.
Particle size determination
Five representative samples were taken for each measurement. Length and diameter/width was determined using a Micrometer (Mitutoyo, Japan, + 0.001 mm), and averages were calculated.
Moisture content determination
A vacuum oven was used to measure the moisture content of the particles according to AOAC method 934.06 (1995) as suggested by Rosello et al. (1997) . Sample weighing dishes made of Aluminium, 60-80 mm diameter and 25 mm deep, with well fitting but easily removable lids were pre-washed, dried and kept in a desiccator with silica gel for two days prior to experimentation. Duplicated samples of 5-10 g in mass weighed by an electronic balance (Satorius, + 0.001 g) were thoroughly homogenized and put into tared weighing dishes from the desiccator, and placed inside the vacuum oven. The metal dishes containing the samples were in direct contact with the metal shelf of the oven. Moisture content was determined by measuring the loss in weight of the finely chopped samples held at 70 o C and 13.3 kPa vacuum for more than 24 hours. Samples were transferred from the vacuum oven to the desiccator to cool. When cool, samples were weighed as quickly as possible to an accuracy of 0.1 mg.
Analysis of experimental data and modeling procedure
The data were analysed for the analysis of variance (ANOVA) to evaluate differences, and, linear regression to obtain suitable models. For all the analyses SAS version 6.12 was used. The experimental data on minimum fluidization velocity were analysed for significance (ANOVA) using the SAS routine GLM (General linear models), and the coefficients were estimated using SAS least squares routine on a personal computer.
The curve which best fitted the data was taken as the model. Model validity was tested using measures of coefficient of determination (R 2 ) and mean absolute error percentage (MAE%). Visual inspection of the data was used to suggest an initial model for the relationship. Model parameters were then estimated separately, using GLM (linear) procedures in SAS. Differences in these estimated parameters were tested for ANOVA using GLM procedure. The final model was constructed using least square mean parameter values.
The observed response of the mean parameter estimates was used to come up with a generalised model, which was then fitted to the entire data. Generalized models were estimated using the GLM procedure in SAS.
The significance differences between the samples were examined by comparing parameters in equations fitted to the different replications. Only situations where differences were not significant have been reported.
RESULTS AND DISCUSSION
Modelling of minimum fluidization velocity with change in moisture content
In the case of peas, fluidization was possible at the initial moisture content of 350% db. Minimum fluidization velocity decreased as drying proceeded. Slugging and channeling phenomena was less due to good packing and spherical shape of the material in the bed. The change of minimum fluidization velocity was modeled linearly with the moisture content of the form U m = A + B m for all bed heights. Data from all replications was used for modeling and showed with the model. The model was shown in Figure 2 and the parameters are given in Table 1 . Model values were also compared with the experimental values using MAE% and found that in all cases MAE% < 10 % indicating that the model equations can be used to predict the fluidization behaviour reasonably well. The parameters of the linear model were significantly different (P < 0.05) for the different bed heights. The rate of change of minimum fluidization velocity with moisture removal appeared to be the same, which is demonstrated by similar slopes of the model equation (Table 1) . But final value of the minimum fluidization velocity when moisture approaches zero increased with the increased bed heights. This increase was from 1.2 m/s to 1.6 m/s.
From the individual models it was obvious to include the bed height and form a common model. To relate bed height with the fluidization velocity, all the data were fitted to a linear equation including bed height. 
Minimum fluidization velocity calculation based on the Generalised equation and Ergun equation
The Generalized model (Equation 2) and Ergun model (Equation 1) were used to calculate the predicted values of minimum fluidization velocity for peas. When using the Ergun model a sphericity value was calculated based on measured dimensions of the peas during drying and comparing it with the equivalent diameter given by the volume of the particle. Predicted values were compared with the experimental values. The MAE% value indicated that for shallow beds (<60 mm) the Ergun prediction was better and for bed heights > 60 mm the Generalized prediction was slightly better ( Table 2) . The minimum velocity predicted by the Generalized equation changed from 1.56 m/s (9.2 % db moisture) to 1.82 m/s (350 % db moisture. The Ergun equation predicted minimum flidisation velocity changes from 1.48 m/s (9.2 % db moisture) to 2.09 m/s (350 % db moisture). The MAE% values were less than 10 % ( Table 2 ), indicating that the use of these models can be satisfactorily applicable (Kleijn, 1987) to predict the minimum fluidization velocity of green pea particulates, with reasonable accuracy.
CONCLUSIONS
There is a continuous change in the dimensions of the food particulates during fluidized bed drying resulting changes in minimum fluidization velocity. Empirical mathematical models were developed to characterize the change of fluidization velocity with the moisture. Change in minimum fluidization velocity was linear with the reduction of moisture content for spherical particulate (peas). It was also found that, the Generalized model and Ergun model can be used to predict minimum fluidization velocity with reasonable accuracy due to the spherical nature of the product shape.
